Abstract. Field,. laboratory, and.modeling studies of faulted rock yield insight 1Oto the hydraulic character of thrust faults .
Introduction
Fault zones can form complex conduit-barrier features that may largely determine the regional-scale patterns and rates of mass and heat transfer in the upper crust [Smith et al., in press] . Faults can transmit meteoric water to depths in excess of 10 km and water flowing within faults can dissolve, transport, and deposit minerals in the fault [Kerrich, 1986] . As a consequence, patterns and rates of groundwater flow in the upper crust must ultimately influence the rheologic properties of rocks in faults and shear zones [Kerrich, 1986] .
The dynamic interaction of fault evolution and flow system development is a transient problem of coupled fluid flow, solute transport with chemical reactions, heat transfer, and deformati~n that is computationally intractable. Previous modelmg studIes address different subsets of this problem (e.g., Shi and \yang, 1987; Deming et aI., 1990; Ge, 1990) . We use combmed field and modeling studies to assess how high-relief surface .topo.graphy and the permeability structure of thrust faUlts .mIg~t 10fluence fluid fluxes, pressures, and temperatures In an maCUve thrust fault and throughout the overlying thrust sh~t. Although we model only idealized hydrogeologic rer mes , the modeling results help us to understand how faultre ated flow systems are modified during the changes in topography and permeability associated with fault evolution.
tha Although this paper addresses only the fluid flow systems our t may dev~lop once faulting has ceased, the overall aim of d .research ~s to examine the evolution of fluid flow systems ~g thrusung. We pose three questions: (1) how do fluids ho c and I.e ave !ault zones in a given structural setting?, (2) an: ~o) ~Ulds mIgrate within, and interact with, fault rocks?, . ow do spatial and temporal variations in hydraulic ::e~es of fault zones and protolith influence both local and rna o~ -scale flow systems and thermal regimes? We use field add Pmg and laboratory testing to collect the data required to rnic~ess t~e se questions across scales ranging from OSCOPIC to megascopic. Numerical modeling results, COPYright 1991 by the American Geophysical Union.
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-a534/ 91/91GL-00950$03.00 979 obtained for systems that span a wide range of spatial scales, aid in establishing appropriate scales of observation. Although our numerical models cannot provide a unique answer that applies directly to a given field situation, the numerical results do provide insight into this class of groundwater flow system.
Fault Zone Hydrogeology
Precambrian granites and gneisses found in our field area (northwest Wyoming) were thrusted over adjacent sedimentary rocks along moderately-dipping thrust faults. About 150 m of exposed fault were examined through large-scale field mapping and detailed sampling both across and along strike. Wellfoliated, indurated gouge and very fine-grained, foliated cataclasite form the core of the thrust fault [Evans, 1990] . The surrounding damage zone comprises faulted and fractured granitic gneiss. Total thickness of catalasite and damage zone ranges from 5 to 20 m. Faults located within the damage zone are subparallel to the main fault; imparting a relatively high permeability within the plane of the fault. Late-stage quartz veins parallel to the faults are evidence for higher permeability during fault evolution [Evans, 1990] . Fracture rtetworks that acted as fluid pathways at different stages in fault evolution are mapped in outcrop structures, polished hand samples, and thin sections.
Finite element modeling of isothermal fluid flow within digitized versions of the 2-dimensional fracture networks (e.g., Figure la) provides estimates of the average flux of fluid through the model domain. Each fracture segment is represented as an open conduit with parallel bounding surfaces surrounded by impermeable matrix blocks. First, a uniform hydraulic gradient of 2 x 10-3 is oriented parallel to the main fault to estimate the equivalent permeability (ke) along the fault. Next, the gradient is reoriented perpendicular to the fault to (Table 1) represent the permeability of the equivalent porous medium that, when subjected to the same hydraulic gradient, yields a volumetric flow rate matching that computed for the corresponding fractured medium. Two cases are simulated; each with uniform, but different, fracture apertures (1 Jlm and 10 Jlm). Modeling results suggest that the geometry of the fracture network alone (Figure 1 a) can impart an anisotropic character to the permeabili,ty structure within the fault;
computed values of ke parallel to the fault are about 6 times ke perpendicular to the fault (Table 1) . Steady-state permeability tests of 2.5 cm diameter cores from gouge, damaged zone, and protolith ( Figure 1 b) yield k values ranging from 1 x 10-17 to 3 x 10-15 m 2 (Table 1) . Although permeabilities are larger than expected during fault development, the relative variation in permeability from protolith (intermediate k), through damage zone (high k), to gouge zone (low k) is likely representative of conditions within many faults. Alternating zones of high and low k within a fault impart an effective anisotropy to the overall permeability structure of the fault; maximum permeability parallels the fault plane and minimum permeability is perpendicular to the fault.
Values of fault gouge k are within the range reported for other laboratory tests (10-21 to 10-12 m 2 ) [see Smith et al., in press] . Values of damage and gouge zone permeablity are also within the range (10-17 to 10-11 m 2 ) obtained from in situ testing of k within a thrust fault in crystalline rocks [Davison and Kozak, 1988] .
Laboratory-determined and numerically-derived estimates of gouge permeability parallel to the fault show similar values of k (about 10-17 m 2 ) if a fracture aperture of 1 Jlm is assumed (Table 1) . If a fracture aperture of 10 Jlm is assumed, the numerical estimate of ke exceeds the laboratory-determined value of k by at least two orders of magnitude (Table 1) . Thus, fracture apertures in the sample tested may be closer to 1 Jlm than 10 Jlm. The apparent similarity between numerical estimates of ke and the laboratory k tests suggests that detailed mapping of fractures within the fault, combined with tnicroscale modeling and laboratory testing of faulted rocks, may provide a means of estimating relative variations in microscale k that could be used as a basis for estimating the overall bulk hydraulic properties of the fault.
Fault Zone Hydrogeology: Hydraulic and Thermal Regime' s Regional-scale numerical rpodeling studies illustrate how fault zone hydrogeology might influence fluid flux, fluid pore pressure, and temperature in the vicinity of a thrust fault. The idealized model domain and the distribution of permeability and porosity in our reference case (Figure 2a ) represents one of a series of range-basin topographic features typical of the deformed foreland of Wyoming. Vertical boundaries mark the approximate locations of the sub-vertical groundwater divides expected between each adjacent thrust sheet. Although we consider only the present-day case of an inactive fault the 1.4 x 10-16 and 2.3 x 10-16 modeling results provide insight into the underlying regime that would exist where steep topographic maintained throughout fault evolution.
A shallow water table coincides with the upper and vertical boundaries are both insulated and Im]perme:ablBJ uniform regional heat flux of 60 mW m-2 is applied alon basal, impermeable boundary. Temperatures on the boundary are specified as a function of elevation, except thrust fault outcrop where a free-temperature condition is as~igned to allow a thermal spring to develop.
Values of bulk k (Figure 2a ) are controlled by within the rock mass. At the regional scale each unit as an equivalent, isotropic porous medium. The thrust sheet is assigned a value of k typical of Cou'pled equations of st~ady-state fl~id flow and heat .transfer are solved using the finIte element method. The fault IS represented by superimposing a series of line elements on a field of triangular elements. Forster and Smith [1988] outline the complete boundary value problem and modeling approach.
Regional-Scale Modeling Results
Groundwater recharges at high elevations and discharges both at the fault outcrop and at low elevations near each end of the model domain (Figures 2b and 2c) . In unfaulted terrain groundwater would be transmitted more pervasively through hallower regions of the model domain. Focusing of fluid flow within the fault increases' the potential for localized fluidassisted chemical reactions and promotes temporal and spatial variations in fault rheology and permeability.
Changes in fluid flux along the fault are closely related to variations in permeapility of the surrounding protolith. Although fault permeability is high at the base of the model domain, the lack of recharge from surrounding lowpenneability basal units yields limited fluid flow deep within the fault. Maximum values of fluid flux are found at shallow depths ~here the faul t is adjacent to the higher-permeability ~stalhne thru t sheet and the full impact of topographicallymduced hydraulic gradients is transmitted to the fault.
A three-order of magnitUde increase in fluid flux is comput~ as fluid flows from the· thrust sheet to the underlying fa~t (FI~res 2b and 2c ). This result suggests that water-rock ratios denved for the fault, using estimates of the volume of water transmi tted through a unit volume of fault rock, could ¥batl y ex~eed those derived for the overlying thrust sheet. Pressure perturbations that develop during fault evolution would be superimposed on the topographically-induced pressure regime. For example, pore volume reduction and thermal pressurization within an active fault could cause temporary lithostatic pore fluid pressures within 1 or 2 meters of the fault [Mase and Smith, 1987] . In addition, compression of the sedimentary package during a thrust event could cause regional-scale perturbations of the groundwater flow system [Ge, 1990; Deming et al., 1990] . Additional studies are required to assess the relative importance of topographicallyand tectonically-driven flow near a thrust fault.
Fault Zone Scale Parametric Study
A series of simulations (Table 2 ) illustrate the relative impact of faqlt and protolith permeability on the temperature (T), pore fluid pressure (P), and fluid flux (q) conditions encountered by fluid moving through the fault shown in Figure 2a . Variations in q are plotted as a function of distance along the fault (Figure   3 ) with 0.0 located where the fault intersects the basal boundary (Figure 2) . The permeability structure shown in Figure 2a is the reference case. Computed values of T, P, and q vary along the fault in a nonlinear fashion that cannot be obtained using simple analytical solutions. Modeling results indicate that the fault has a pervasive impact on temperature and pressure distributions both within the fault and throughout the modeling domain. In the absence of a permeable fault (Run 2), fluid pressures near the base of the domain rise as high as 3 MPa above those obtained at the corresponding location in the referenc~ case (Run 1). The permeable fault transmits topographically-derived hydraulic Figure 2a for a series of runs summarized in Table 2 . Except where indicated, fluid flow is generally upward along the fault.
Region of Reduced k f (Run 4)
gradients deep into the flow system and causes regional variations in fluid pore pressures that ultimately depend upon the overall hydraulic character of the fault. The fault exerts a significant impact on temperatures computed within the model domain; temperatures along the upper 5 Ian of the fault are elevated by up to 10°C above those of the unf;lUlted case. The permeability of the crystalline Urrust sheet overlying the fault controls the amount of groundwater entering or exiting the fault and the rate of fluid flux within the fault. Reduced groundwater recharge to the fault allows local, topographicallyinduced hydraulic gradients to cause a reversal in fluid flow, from up flow to downflow, at shallow depths in the thrust fault (Run 5 in Figure 3 ). Reducing the thrust sheet k from 10-16 tp 10-17 m 2 reduces q in the upper 10.5 km of the fault by at least one order of magnitude (Figure 3) . The sensitivity of fluid fluxes within the fault to the permeability of the thrust sheet indicates that the hydraulic character of the fault cannot be divorced from the surrounding r~gional groundwater flow system. Reasonable estimates of bulk permeability of the thrust sheet must be made before the magnitude and variability of q within the fault can be estimated.
Earlier we noted that: 1) a fault can exh~bit strong spatial variations in permeability, and 2) that faults developed in crystalline rock may exhibit anisotropic permeability. Reducing the permeability of the fault (kf) from 10-11 to 10-12 m 2 along the 2 km fault segment (Figure 2a ) leads to reduced q within and adjacent to the region of lower'kf. Little change in T and P along the fault is computed because the overall distribution of P, T, and q within the regional-scale model domain is little affected by the localized variation in kf.
The effective anisotropy associated with layering of gouge and damage zone is simulated by reducing the permeability of a segment of the footwall (footwall layer shown in Figure 2a ) from 10-15 to 10-18 m 2 . This relatively thick gouge zone lies immediately adjacent to the overlying, more-permeable damage zone (k = 10-11 m 2 ). Although a significant increase in fluid flux is indicated along the upper more permeable section of the fault, fluid pressure along the fault is little affected by the change in permeability structure. Computed temperatures in the upper 3 km of the fault are elevated by up to 5 °C above those of the reference case. At first glance, these results suggest that it may be more important to determine the bulk permeability of the thrust sheet rather than expend significant effort assessing the magnitude of anisotropy in fault k. Fluid migration into the fault would be significantly reduced, however, if the low k zone were placed at the base of the hanging wall, rather than at the top of the footwall.
Concluding Remarks
We enVISIon thrust faults in crystalline rocks as anastomosing networks of relatively high-permeability fractured rock interspersed with pinching and swelling pods of low permeability gouge and unfractured protolith. Preferred orientation of interleaved pods of lower-permeability gouge and higher-permeability damaged rock yields anisotropy in the permeablity structure of the fault. Deformation causes fault permeability to become increasingly anisotropic with development of through-going inter-and intragranular fractures subparallel to the main fault and selective plugging of fractures in clay-and mica-rich gouge zones [Chester and Logan, 1986; Evans, 1990] .
Modeling results reveal that the hydraulic interaction of both the thrust fault and the topographically-driven, regional-scale ground~~ter fl,?w s~stem must be considered. Rates of flow Wlthm an mactlve thrust fault are strongly 11' U1tlenl~ the topography and permeability of the overlying Although the detailed hydraulic character of the influence fluid transit times within the fault and protolith, local variations in fault permeability have little on the regional-scale distribution of temperature and pressure. On the other hand, the bulk permeability of the can influence regional-scale fluid flow and thermal regimes.
